β-Cell replacement therapy via islet transplantation is a promising possibility for the optimal treatment of type 1 diabetes; however, such an approach is severely limited by the shortage of donor organs. This problem could be overcome if it were possible to generate transplantable islets from stem cells. We showed previously that adult β-cells might originate from duct or duct-associated cells. Ductal progenitor cells in the pancreas would become particularly useful for therapies that target β-cell replacement in diabetic patients, because duct cell types are abundantly available in the pancreas of these patients and in donor organs. In this study, we examined which embryonic transcription factors in adult mouse and human duct cells could efficiently induce their differentiation into insulin-expressing cells. Infection with the adenovirus expressing PDX-1, Ngn3, NeuroD, or Pax4 induced the insulin gene expression. NeuroD was the most effective inducer of insulin expression in primary duct cells. Surprisingly, adenovirus Pax4 strongly induced Ngn3 expression, while Pax4 is considered the downstream target of Ngn3. These data suggest that the overexpression of transcription factors, especially NeuroD, facilitates pancreatic stem/progenitor cell differentiation into insulin-producing cells.
INTRODUCTION
able islets from stem cells. One attractive approach for the generation of β-cells involves the expansion and differentiation of adult human pancreatic progenitor cells, The overall goal in the treatment of type 1 diabetes is the maintenance of normoglycemia in patients with which are closely related to the β-cell lineage. Several studies have suggested that adult β-cells might originate diabetes. Replacement of the β-cell mass offers an alternative to standard insulin treatment and may overcome from duct or duct-associated cells (4,7,13,29,31-33). Ductal progenitor cells in the pancreas would become the long-term side effects associated with current therapies. Islet transplantation has had renewed interest, due particularly useful for therapies that target β-cell replacement in diabetic patients (36, 39) , because duct cell to the recent improved success of this procedure (24, 36) . However, an abundant source of tissue that satisfies the types are abundantly available in the pancreas of these patients and in donor organs. demand for β-cells has yet to be found. In order to make such a therapy available to more than a few of the thou-Analysis of null mutants for the pancreatic and duodenal homeobox factor-1 (PDX-1), neurogenin 3 (Ngn3), sands of patients with diabetes, new sources of insulinproducing cells must be identified. This problem could BETA2/NeuroD (NeuroD), and paired box gene 4 (Pax4) has identified a hierarchy of transcription factors be overcome if it were possible to generate transplant-that control the embryonic formation of pancreatic islets. justed to contain 1.5 g/L sodium bicarbonate and 4.5 g/ L glucose with 10% fetal bovine serum (FBS), 100 U/ PDX-1, also known as IDX-1/STF-1/IPF1, plays such a crucial role in pancreatic development (17, 34) , β-cell ml penicillin, and 100 µg/ml streptomycin at 37°C in a humidified atmosphere of 5% CO 2 . differentiation (4, 8, 29) , and the maintenance of normal β-cell function by its regulation of multiple important β-Isolation and Culture of Mouse Pancreatic Islets cell genes (1,41), including insulin (37) . Overexpression and Duct Cells of PDX-1 induced insulin expression in pancreatic ductal cells (29, 40) or the liver (8, 18) and improved the Islets and pancreatic ducts were isolated from the pancreas of 6-week-old adult mice (CLEA Japan, Inc. glucose tolerance of streptozotocin-induced diabetic mice (8, 18) . The ability of the PDX-1 protein to both Meguro, Tokyo). Mouse studies were approved by the review committee of Kyoto University Graduate School regulate its own gene expression through an A-box element in its promoter (23) and to induce the expression of Medicine. For islet isolation, the common bile duct was cannulated and injected with 6 ml cold M199 me-of other β-cell genes is thought to be the basis of this induced insulin expression. The class B basic helix-dium containing 1.5 mg/ml collagenase (Roche Boehringer Mannheim, Indianapolis, IN). The islets were sep-loop-helix (bHLH) transcription factor Ngn3 functions as a major and timely switch in the rodent embryonic arated on Histopaque 1077 (Sigma, St. Louis, MO) density gradient, hand-picked under a dissecting micro-pancreas (9) . When the expression of Ngn3 is directed ectopically into the embryonic epithelium, pancreas pre-scope to ensure a pure islet preparation, and used immediately afterward. Common pancreatic ducts were cursor cells develop prematurely and exclusively into glucagon-producing cells (2, 35) . Similarly, Ngn3 in-isolated using a modified islet isolation method and cultured in DMEM with 10% FBS. After cells attached and duced premature differentiation into glucagon-and somatostatin-producing cells when introduced into early spread, nonductal cells were removed mechanically with a rubber scrapper and the remaining ductal cells pas-chicken endoderm (10) . The failure to induce insulinproducing cells might indicate that these immature cells saged; this was repeated four to five times. The ductal cells were then inoculated into 96-well plates, cloned by lack the competence to drive β-cell differentiation. On the other hand, overexpression of Ngn3 in ductal pro-limiting dilution, and cultured in DMEM with 20% FBS. HN-5, one of these clones, was used in this experiment. genitor cells induced the differentiation into insulin-producing cells (13) . NeuroD protein, which is also one of Isolation and Culture of Human Pancreatic Islets the class B bHLH factors, was cloned both as a tranand Duct Cells scriptional activator of the insulin gene (26) and as a neurogenic factor in Xenopus embryos (21) . NeuroD is Human islet isolations were performed in the Islet Core Laboratory of the Juvenile Diabetes Foundation important for regulating insulin gene transcription (26) and for the terminal differentiation of islet cells includ-Center for Islet Transplantation at Harvard Medical School using the method of Ricordi and coworkers (22) . ing insulin-and glucagon-producing cells. In NeuroD gene targeting experiments, mutant mice developed se-After purification on a Ficoll gradient, duct cells were cultured as previously described (4). The duct cells were vere diabetes with ketoacidosis and died perinatally (27) . Pax4 is also essential for proper β-cell develop-cultured in 50 ml of CMRL 1066 (5.6 mM glucose) medium plus 10% FBS in Falcon nontreated T-75 flasks ment. Pax4 is restricted to βand δ-cell lineages, and mice lacking Pax4 fail to develop β-cells and are dia-(#3012 Becton Dickinson) at 37°C, 5% CO 2 . At 1-4 days, the nonadherent tissue (both viable and dead) was betic (38) . The constitutive expression of Pax4 in combination with histotypic lineage leads to the formation of removed with a medium change, and the adherent, or residual, cells were expanded for up to 1 week with ad-islet-like spheroid structures that produce increased levels of insulin (3). ditional medium changes every 2-3 days. Cells were infected at about 1 week. In this study, we examined which embryonic transcription factors in adult mouse and human duct cells Recombinant Adenoviruses could efficiently induce their differentiation into insulinexpressing cells.
Recombinant adenoviruses expressing PDX-1, Ngn3, NeuroD, and Pax4 were prepared using the AdEasy sys-MATERIALS AND METHODS tem (Stratagene, La Jolla, CA). Coding sequences of Cell Line PDX-1, Ngn3, NeuroD, or Pax4 were subcloned in the shuttle vector and constitutively expressed under control PANC-1 cells were purchased from American Type Culture Collection (ATCC, Baltimore, MD). PANC-1 of the CMV promotor. pAdenoVator-CMV5-IRES-GFP (QBIOgene, Irvine, CA) contained the GFP cDNA were cultured in suspension in Dulbecco's modified Eagle's medium (DMEM) with 4 mM L-glutamine ad-downstream of a internal ribosome entry site (IRES). Re-combinant, replication-deficient adenoviruses expressing turation at 94°C, 1 min annealing at 57°C, and 1 min extension at 72°C) and an extension step of 10 min at GFP (AdGFP), PDX-1 in combination with GFP (Ad-PDX-1), Ngn3 in combination with GFP (AdNgn3), 72°C. The steps taken to validate these measurements were previously reported (29) . NeuroD in combination with GFP (AdNeuroD), or Pax4 in combination with GFP (AdPax4) were generated fol-TaqMan Real-Time PCR lowing the standard protocol. To produce homologous Quantification of insulin mRNA levels was carried recombination, 1.0 µg of linearized plasmid containing using the TaqMan real-time PCR system according to PDX-1, Ngn3, NeuroD, or Pax4, and 0.1 µg of the adethe manufacturer's instructions (Applied Biosystems, noviral backbone plasmid, pAdEasy-1, were introduced Foster City, CA, USA). PCR was performed over 40 into electrocompetent Escherichia coli BJ5183 cells cycles including 2 min at 50°C and 10 min at 95°C as with electroporation (2500 V, 200 ohms). The resultant initial steps. In each cycle, denaturation was achieved plasmids were retransformed into E. coli XL-Gold Ulfor 15 s at 95°C and annealing/extension was achieved tracompetent Cells (Stratagene, La Jolla, CA). The plasfor 1 min at 60°C. PCR was carried out in 20 µl of mids were linearized with PacI and then transfected into solution using cDNAs synthesized from 1.11 ng of total the adenovirus packaging cell line 293 using Lipofect RNA. Standard curves were obtained using cDNAs gen-AMINE (Invitrogen, Carlsbad, CA). Ten days after erated from total RNA isolated from primary mouse or transfection, cell lysate was obtained from the 293 cells.
human islets. For each sample, the expression of insulin The cell lysate was added to other 293 cells, and when was divided by the expression of β-actin. Mouse or humost of the cells were killed by the adenovirus infection man insulin and β-actin primers were commercially and detached, the cell lysate was obtained again (this available (Assays-on-Demand Gene Expression Prodprocess was repeated three times). Control adenovirus ucts; Applied Biosystems). expressing green fluorescent protein (AdGFP) was prepared in the same manner. The effective viral titer was RESULTS determined as previously described (18) .
Pancreatic Stem/Progenitor Cells Viral Infection of HN-5, PANC-1 Cells, and Isolated
We used three cell types in this experiment ( Fig. 1A) .
Human Duct Cells
The first was a mouse pancreatic stem cell line, HN-5, Cells were either infected with control virus (AdGFP) derived from mouse pancreas and a monoclonal cell or with AdPDX-1, AdNgn3, AdNeuroD, or AdPax4 as line. The cells continue to divide actively at least past described previously (19, 30) . HN-5, PANC-1 cells, and the population doubling level (PDL) 300. The cells exadult human duct cells were infected at an MOI of 10 press cytokeratin-19 and PDX-1 transcription factor for 4 h at 37°C.
(duct-like cells), and cells stimulated by exendin-4 induce the expression of insulin mRNA (H.N. et al., un-Semiquantitative RT-PCR published data). Although the cells are monoclonal and Total RNA was extracted from frozen cells using not transforming, they are derived from mice. The sec-RNeasy Mini Kit (QIAGEN, Tokyo, Japan). After quanond cell type was a monoclonal human duct cell line, tifying RNA by spectrophotometry, 2.5 µg of RNA was PANC-1. PANC-1 is derived from human pancreas and heated at 85°C for 3 min and then reverse-transcribed some studies show that PANC-1 has the potential to difinto cDNA in a 25 µl solution containing 200 units of ferentiate insulin-producing cells (5,15), not primary Superscript II RNase H-RT (Invitrogen), 50 ng random duct cells, however, which are derived from carcinoma. hexamers (Invitrogen), 160 µmol/L dNTP, and 10 nmol/ The third type was the primary human pancreatic duct, L dithiothreitol. The reaction consisted of 10 min at which has the potential to differentiate insulin-producing 25°C, 60 min at 42°C, and 10 min at 95°C. Polymerizacells (4), considering pancreatic stem/progenitor cells. tion reactions were performed in a Perkin-Elmer 9700
Although the cells are derived from normal human pan-Thermocycler with 3 µl cDNA (20 ng RNA equivacreas, they are polyclonal cell populations and it is diffilents), 160 µmol/L cold dNTPs, 10 pmol appropriate olicult to exclude the contamination of β-cells completely. gonucleotide primers, 1.5 mmol/L MgCl 2 , and 5 units Therefore, these three cell types were used in this study AmpliTaq Gold DNA polymerase (Perkin-Elmer, Norto exclude the specificity of species and immortalized walk, CT). The oligonucleotide primers and cycle numcells, and the influence of β-cell contamination. Primary ber used for semiquantitative PCR are shown in Table  mouse and human islets were used as a positive control. 1. The mouse primers of PDX-1, Ngn3, NeuroD, and
Characterization of the Three Cell Types Pax4 were the same sequences as their human primers. The thermal cycle profile used a 10-min denaturing step Transcripts encoding PDX-1, NeuroD, Pax4, Pax6, Isl-1, Nkx2.2, and Nkx6.1 were abundant in adult mouse at 94°C followed by amplification cycles (1 min dena- and human islets (Fig. 1B) . A parallel analysis of HN-5, tion with recombinant adenoviruses resulted in efficient expression of the transgenes under the control of a cyto-PANC-1, and adult human duct cell transcripts showed the presence of relatively high levels of PDX-1 tran-megalovirus (CMV) promoter ( Fig. 1D ). PDX-1, Ngn3, NeuroD, or Pax4 coexpressed GFP as a reporter, and scripts (Fig. 1B) . PDX-1 was also expressed in HN-5 and adult human duct cells at the protein level (data not AdGFP served as control for nonspecific viral effects. An MOI of 10 gave a favorable balance between infec-shown). Pax6, Nkx2.2, and Nkx6.1 were observed in primary human ductal cells, but not the HN-5 or PANC-tion efficiency (50-70% GFP expression) ( Fig. 1D ) and cell survival (>85% living cells).
cell line. This may be due to the contamination of βcells. mRNAs of insulin and glucagon were observed
Transcription Factors Induce the Expression of Insulin when the primary human duct cell population was used.
in a Monoclonal Mouse Stem Cell Line Insulin mRNA was not observed in HN-5 or PANC-1 cells (Fig. 1B) .
We ectopically expressed PDX-1, Ngn3, NeuroD, and Pax4 in HN-5 cells. Seven days after transfection,
Construction of Adenoviral Vectors and Transduction
HN-5 cells were harvested. All adenoviruses expressing of the Vectors Into Cells PDX-1, Ngn3, NeuroD, or Pax4 induced the expression of insulin mRNA ( Fig. 2A) . NeuroD was the most effec-We developed adenoviruses expressing PDX-1, Ngn3, NeuroD, or Pax4 protein with GFP (Fig. 1C) . To tive to induce insulin expression in HN-5 cells; however, compared with primary mouse islets, the level of insulin test which MOI is effectively transduced into cells, HN-5, PANC-1 cells, and adult human duct cells were mRNA was still low. We also examined the expression of other transcription factors and pancreas-related genes. infected at an MOI of 0.5, 1, 5, or 10 for 4 h at 37°C. Forty-eight hours after this treatment, the 10 MOI infec-The transfection of AdNeuroD or AdPax4 in HN-5 cells induced Ngn3 expression ( Fig. 2B) , while NeuroD and PANC-1 and HN-5 cells. We also examined the expression of other transcription factors and pancreas-related Pax4 are considered the downstream target of Ngn3 (6, 42) . Pax6 and Isl-1 were induced by all adenoviruses genes. The transfection of AdPax4 in PANC-1 cells induced Ngn3 expression, as in HN-5 cells. There was no expressing the transcription factor. Nkx2.2, Nkx6.1, GLUT2, and glucokinase were induced by AdNeuroD significant increase or induction of the level of Isl-1, GLUT2, glucokinase, or glucagon mRNA. Nkx6.1 was and AdPax4 (Fig. 2B) . All adenoviruses expressing the transcription factor weakly induced the expression of induced by AdNgn3 and AdPax4 in PANC-1 cells. All adenoviruses expressing the transcription factor weakly glucagon mRNA (Fig. 2B) .
induced the expression of Pax6, Nkx2.2, and Nkx6.1 Transcription Factors Induce the Expression of Insulin mRNA (Fig. 3B) .
in a Monoclonal Human Duct Cell Line Transcription Factors Induce the Expression of Insulin
We ectopically expressed PDX-1, Ngn3, NeuroD, in Human Primary Duct Cells of the Pancreas and Pax4 in PANC-1 cells. Seven days after transfection, PANC-1 cells were harvested. All adenoviruses ex-We ectopically expressed PDX-1, Ngn3, NeuroD, and Pax4 in adult human duct cells. Seven days after pressing PDX-1, Ngn3, NeuroD, or Pax4 induced the expression of insulin mRNA (Fig. 3A) . NeuroD was the transfection, primary duct cells were harvested. All adenoviruses expressing PDX-1, Ngn3, NeuroD, or Pax4 most effective to induce insulin expression in both Table 1 . HN-5 cells treated with AdGFP were used as a negative control. Mouse islets were used as a positive control. induced the expression of insulin mRNA (Fig. 4A ). viral-mediated introduction of PDX-1 induced β-cell neogenesis into the mouse pancreas (40) and insulin ex-NeuroD was the most effective to induce insulin expression in primary duct cells, as in HN-5 and PANC-1 pression in the liver, and improved the glucose tolerance of streptozotocin-induced diabetic mice (8) . However, cells; however, compared with primary human islets, the level of insulin mRNA was still low. We also examined some studies show that it is unlikely that the differentiated effect from duct cells (13) or embryonic stem cells the expression of other transcription factors and pancreas-related genes. The most impressive change in (3,25) on insulin-producing cells requires the participation of PDX-1. This transcription factor is already ex-genes was the Ngn3 expression when AdPax4 were transfected in primary duct cells, with similar observations in pressed in adult human pancreatic duct cell suspensions (4,12) and is expressed easily in ES cells (3, 25) . In our HN-5 and PANC-1 cells. AdPax4 strongly induced Ngn3 expression ( Fig. 4B) , while Pax4 was considered the study, although AdPDX-1 stimulated the differentiation from human duct cells to insulin-producing cells, its ef-downstream target of Ngn3 (6, 42) . AdPax4 also induced NeuroD expression. This may be due to the secondary fect was relatively weak. Ngn3-induced endocrine differentiation was also effect of Ngn3 expression because NeuroD is the downstream target of Ngn3 (6, 42) . Isl-1 was induced by Ad-achieved in duct cell monolayers as previously described (13) . Ngn3 is a major regulator of lateral inhibition that NeuroD and AdPax4. Glucagon was increased by Ad-Ngn3, AdNeuroD, and AdPax4. AdNeuroD induced the controls endocrinogenesis in the embryonic mouse pancreas (2). It has been proposed as a marker for pancre-expression of GLUT2 and glucokinase mRNA (Fig. 4B) .
atic islet progenitor cells during embryogenesis and in DISCUSSION adult mice (11, 16) . The mechanism whereby Ngn3 induces duct cell differentiation into endocrine β-cells PDX-1 plays a crucial role in pancreatic development (17, 34) and β-cell differentiation (4,8,29 ). The adeno-seems to involve the activation of the NeuroD promotor.
Ngn3 is known to activate NeuroD expression in chicken overexpression of NeuroD could stimulate not only differentiation from duct cells to insulin-producing cells embryos (10) , Xenopus embryos, and (neuro)endocrine cell lines (14) . This is also the case in HeLa cells trans-but also bind the insulin promoter and upregulate insulin gene transcription directly. This is one reason why Ad-fected with E47, a class A bHLH heterodimerization partner of ngn3 (14) . Adult human duct cells contain NeuroD stimulates the strongest expression of the insulin gene. high endogenous levels of E47 (13) , allowing E-box binding of ectopically expressed Ngn3 and activation of Because mice lacking Pax4 fail to develop β-cells and are diabetic (38) , it is essential for proper β-cell the NeuroD promotor. In our study, AdNgn3 stimulated NeuroD expression in primary duct cells, but not PANC-development. In Pax4-overexpressing ES cells, insulin, islet amyloid polypeptide, and GLUT2 mRNA levels in-1 cells. This may be due to the difference of E47 expression level or cell type (primary or cell line).
creased significantly (3). Our study showed that AdPax4 stimulated differentiation from duct cells to insulin-It was reported that the adenoviral-mediated introduction of NeuroD induced β-cell neogenesis in the liver producing cells. AdPax4 also strongly induced Ngn3 expression, while Pax4 was considered the downstream and reversed diabetes in mice with betacellulin gene therapy (20) or PDX-1/VP16 gene therapy (18) . NeuroD target of Ngn3 (6, 42) . Indeed, it is reported that overexpressed Pax4 in ES cells increased Ngn3 gene expres-is important for terminal differentiation of islet cells including insulin-and glucagon-producing cells. In sion significantly (3). Although its mechanism is unknown, the overexpression of Pax4 in stem cells is also NeuroD gene targeting experiments, the mutant mice developed severe diabetes with ketoacidosis and died peri-an effective strategy for β-cell replacement therapies. We also measured the insulin content and release of natally (27) . Moreover, this protein is important for regulating insulin gene transcription (26, 28) . Therefore, the differentiated preparations. Mouse and human primary Table 1 . PANC-1 cells treated with AdGFP were used as a negative control. Human islets were used as a positive control. Table 1 . Human duct cells treated with AdGFP were used as a negative control. Human islets were used as a positive control.
duct and PANC-1 cells were treated with 10 MOI of REFERENCES AdPDX-1, AdNgn3, AdNeuroD, or AdPax4. Seven days
